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NACA001~AIRFOILTIPSEC’lItONS

HAVING

By JamesP. ShiversandPaulJ.Carpenter

SUMMARY

An investigationhasbeenconduc~dat theLangleyhelicoptertest
towertodeterminethelowtipMachnumberblademaximumtismlift
coefficientsandthehightipMachnumbereffectsof compressibilityfor
rotorbladeshatingNACA0015tipairfoilsections.ThelowtipMach
numberrotor-blademsximummesnliftcoefficientsofa bladehaving
NACA0015tip airfoilsectionswas1.15,- compared~th 1.13and~“o’7
obtainedpreciouslywithrotorshatingNACA632-015andNACA23015air-
foilsections,respectively.At a highertipMachnumberof O.~0the
rotorhavinganNACA0015tipairfoilsectionencounteredcompressibility
draglossesat a rotor-blademeanliftcoefficientofO.~, as compared
with0.50and0.33forrotorshavingNACA632-015andNACA23015airfoil
sections,respectively.Thecomparisonof synthesizedsectioncharacter-
isticswithtwo-dimensionaldataobtainedpreviouslyinticatedthatthe
synthesizedmaximumsectionliftcoefficientswerehigherthanthosefor
thetwo-dimensionaldataby about15percentat a Machnumberof 0.30
andabout10percenthigherat a Machnumberof 0.60,andat highMach
numberstherateof hag risepastdragdivergencewaslessthanthat
shownby two-dimensionaldata.

Thecharacteristicsof tm rotorusedinthepresentinvestigation
indicatetrendssimilartothosereportedinprevioushightipMachnmnber
investigations;thatis,at lowMachnumbersthereisa stable(nose-down)
pitchingmomentpastrotor-bladedragdivergence, the Wch n~ber for

rotor-bladedragdivergenceishigherthanthatindicatedby two-
dimensionaldata,andincreasesin tipMachnumberlowerthemaximum
efficiencyof therotorasdefinedby itsfigureofmerit.
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INTRODUCTION *

Onemethodofmeetingtherequirementsof increasedhelicopter .
speedsandhigherdiskloadingsisto increasetherotor-bladetipMach
number.DesiQ studiesofhelicopterswithrotortipMachnumbersin the
highsubsonicrangeandwithhighbladeloadingshaveemphasized”theneed
forexperimentalrotorperformanceandbladepitching-momentdata.

Thisinvestigationisa continuationofa generalresearchprogram
(refs.1 tok) todeterminethelawtipMachnumberstallandhightip
MachnumbercompressibilityeffectsonrotorshavingvariousNACAairfoil
sectionsas theprimaryvariable.Althoughthesedataarelimitedto
hovering,theonsetandrateofgrowthofthestallandcompressibility
effectscanbe analyzedtoprovideguidanceintheselectionofairfoil
sectionsforrotorsoperatingathightipspeedsandhightip-speedratios.
Inaddition,themeasuredrotorhoveringperformancecanbe usedta syn-

—

thesizerotorairfoilsectionliftanddragcharacteristics.It iS
suggestedthatthesesynthesizeddatamightbe usedincalculating
helicopterforward-flightperfonmnce(ref..~).However,it shouldbe .—

pointedoutthatthevalidityof thisprocedurehasnotbeenchecked
experimentallyandcanonlybe consideredtentativeat thistime. The
presentinvestigationextendstheprogramto includea rotorhavingan

.

NACA0017airfoilsectionat thebladetip. —

Therotorbladesweretestedon theLangleyhelicoptertesttower,
andresultsofthehoveringperformanceare.yresentedfora tipMach
numberrangefrom0.,27to0.81(diskloadingsupto5.85poundsper
squarefoot)andfora correspondingblade-tipReynoldsnumberrange
from1.64x 106to4.78x 106. Inaddition;synthesizedrotorairfoil”
sectionliftanddragcharac”tiristicsderivedfromthemeasuredh“overing
performancearepresentedandcomparedwith_two-@nsionalsectiondata —
obtainedpreviously.
hightipMachnumber
withthoseofrotors
(refs.land 2).

a

TherotorlowtipMach
compressibilityeffects
having1~-percent-thick

SYMBOLS

numbermaximumliftand
arediscussedandcompared
tipairfoilsections

straight-lineslopeof sectionliftcoefficienthgainstsection
angleofattack,c2/~, radians(assumedtobe5.73forincom-
pressiblecalculations)

.

numberofblades
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rotor-bladeradius,ft

radialdistancetoa bladeelement,ft

rotorthrust,lb

maximunbladethicknessat radiusr,ft

airfoil-sectionangleofattack,deg

blade-sectionangleofattack,degorradians
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differencebetweenhubandtippitchangles,positivewhen
angleis larger,radians

coefficientofviscosity,slug8/ft-sec

massdensityof

rotor

rotor
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ofmeritisequal
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*

.
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APPARATUSANDTESTMETHODS

RotorBlades

Therotorusedforthisinvestigationwasa fullyarticulated,two--
bladerotorwithflappinghingelocatedon thecenterlineofrotationand
thedraghingelocated12 inchesoutboardofthecenterline. Thevertical
distancebetweenthegro~d anda horizontalplanethroughthecenter
of therotorwas42 feet.

A sketchoftherotorbladewithpertinentdimensionsisshownin
figure1. Therotorbladeswereofallmetalconstruction.Theradius
ofthebladefromthecenterlineofrotationwas18.84feetandthe #
rotorsoliditywas0.033.Thebladehada rootchord(measuredat 0.14R)
of 1.145feetandtaperedlinearlytoa chordof0.854footat thetip.
Thebladealsohad5.5°of linearwashout(tippitchlowerthanrootpitch). --
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ThebladehadanNACA0015airfoilsectionat thetip andtapered
toan 11.5-percent-thickairfoilsectionat theroot. Themainspar
consistedofa leading-edgeD-sectionhavinga constantchordof
3.2inchesandtrueNACAO015airfoil-sectionordinatesthroughoutthe
entirebladespan. Thedecreaseinthicknessratiofrom15percentat
thetipta11.5percentat thermt iscausedby an increasein the
chordlengthoftheairfoilrootsectionwhilethephysicalthickness
remainsthesameas thatofthetipsection.Thethicknessdistribution
ofthebladeisshowninfigure1. Thetip(at0.98R)oftherotor
bladerearwardof the30-percent-chordlinedeviatedfromthetrueair-
foilshapeby asmuchastO.01~inch;however,thesurfaceof theentire
bladewassmoothandfair. Thesmoothbladereferredtohereinhadan
8-inch-wideO.010-inch-thi.ckvinylplasticadhesiveabrasionstripcov-
eringtheleadingedge. !lkstsweremadewithandwithoutthestripin
place,andno distinguishabletiferenceinrotorPerform=cewasobserved”

TestMethodsandAccuracy

Theprocedureusedfortestingwasto setgivenrotor-bladecollec-
tivepiichanglesandthentovarytherotorspeedthrougha rangeof
tipMachnumbersfromminimumoperatingspeedtothemaximumallowable
becauseof structurallimitations.At eachpitchsettingdatawere
recordedbothfrcmvisuqldialreadingsandby an oscillograph.Quan-
titiesmeasuredwererotorthrust,rotortorque,bladepitchangle,
bladedragangle,blade-pitchingmcment,rotor-shaftrotational.speed,
andbladeflappingangle.Therangeof testconditionswaschosento
determinethelowtipMachnumberrotor.maximumthrustandtoexceedthe
hightipMachnumberdragdivergence.

In orderto studythelow-speedstallcharacteristics,threerows
ofblacknylontuftswereattachedtoonerotorblade.Therowsof
tuftswereplacedat aboutthe10-,40-,and80-percentchordwisesta-
tionsandwerestaggeredspanwiseabout2 inchesfromthetuftimedtately
forward.A high-speedmotion-picturecamerawasmountedon therotor
headtorecordtheflowpatternsat themaximumrotorliftconditions.

Sincerotorbladesmaydeveloproughnessinfieldservice,a portion
of thetestswererepeatedwitha roughnessas describedinreference6
appliedto theblades.Theroughnessconsistedof O.011-inch-dism@er
Carborundumparticlesappliedovera surfacelengthcorrespondin&to
8 percentofthechordbackfromtheleadingedgeonthewpperandlower
surfaces.Theparticlescoveredfrom5 to10percentofthisarea. This
leading-edgeroughnesswasmoreseverethanislikelytobe encountered
inpracticeandwasusedonlytodemonstrateanextremecondition.
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Theestimatedaccuraciesof thebasicqusmtitiesmeasuredduringthe P
testswereasfollows:rotorthrust,t20pounds;rotortorque,“*5Opound-
feet;rotorrotation~speed,Al revolutionperminute;andallangular .
measurements,K).20.Theoverallaccuracyof theplottedresultsis
believedtobewithint3 percent.Fo~example,ata rotor-blademean
liftcoefficient~ of0.629 (CT= 0.0034)anda tipMachnumberof
0.68,theaccuracyoftheplotteddatabased..onrepeatabilitywasabout
2 percentforthethrustvalueof 5,411pounds,1.8percentforthe
torquevalueof6,270pound-feet,and0.25percentforthevalueof
rotationalspeedof 387revolutionsperminute.Alldatahavebeen
correctedtozerowindvelocities.(Seeref.4.)

METHODOFANALYSIS

References1 to4 indicatethattheprincipaleffectof compressi-
bilityisa rapidincreaseinprofile-dragtorqueoncethecritical
combinationoftipMachnumberandtipangle...ofattackisexceeded. - b—

A convenientreferencefortherateofgrowthofprofiletorque
lossesistheratiooftheprofile-dragtorquecoefficientderived “
fromthetestresultsto”thatcalculatedby usingbothconventional
stripanalysisandincompressibledragcoefficients.(Seeref.7.)
Thecalculatedrotor-performancecurveisbasedOna linearlift-
coefficientslope cl. 5.7% @ on theccxmnonlyuseddragpolar
cd,Q =0.0087- 0.021~r+ 0.4-2 (ref.8). Sincereference7 does
notallowforanytiploss,a 3-percenttip-lossfactor(outer3 percent
ofthebladeproducesno liftbuthasproffl-edrag)wasusedinthe
calculations.

— --—

Thesynthesizedliftanddragcoefficientswereobtainedbyusing
themethodoutlinedinreference5. Briefly,thismethodinvolvesan
iterationprocessinwhichthesectionliftanddragcharacteristics
aresuccessivelyassumeduntiltheresultsofcalculatedrotorperformance
areinagreementwiththetestmeasurement.

Pitching-momentcoefficientsaboutthefeatheringaxis(19.35percent
chordat 0.14R)derivedfromtheforcemeasuredintherotor-bladepitch-
controllinkagearepresented.Thecoefficientsthusincludethecontri-
butionofbothaerodynamicandmassforces.Inthisrespect,it should
benotedthattheabsenceofabruptchangesinthepitchi~-momentcoef-
ficientisofmoresignificancethantheactualvalues.

.

.
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RESULTSANDDISCUSSION

Themeasuredandcalculatedrotorhoveringperformancesarepresented
andcompared.Thesynthesizedrotor-bladesectiondataarepresentedand
comparedwithtwo-dimensionalsectiondatapreviouslyobtained.Dataare
alsopresentedformeasuredbladepitchingmoments,rotorefficiency,and
rotorcompressibilitydragrise.A comparisonofrotordrqgdivergence
withthatshownfromthetwo-dimensionaldataisalsoincluded.

HoveringPerformance

Smoothblades.-Thehoveringperformanceofthesmoothbladesis
showninfigure2 as thrustcoefficientagainsttorquecc-efficientfor
blade-tipMachnumbersof0.27to0.81.A calculatedrotor-performance
curvebasedon theassumptionsdiscussedinthemethodsofanalysisis
alsoplottedforcomparison.

Ingeneral,theexperimentallowtipMachnumbercurves(Mt= 0.27
or Mt = 0.37)showgoodagreementwiththecalculatedcurveupb a rotor
thrust.coefficientofabout0.0050(~= 0.918).Themaxinmrotor-blade
meanliftcoefficient~ forthepresentrotoris1.15(CT= 0.00627).
Thiscompareswitha maximum~ of 1.13obtainedwitha rotorhavi~ an
NACA632-015airfoilsection(ref.2)and1.07fora rotorhavingan WA
23015airfoilsection(ref.1). Itmightbe expected,on thebasisof
two-dimensionalsectioncharacteristics,thattherotorhavingtheNACA
2~15 airfoilsectionwouldhavea highermaximumliftthantherotors
havingNACA632-015orNACA0015airfoilsections.Thereasonsforthe
apparentlylow~imum liftexhibitedby theNACA23015rotorofrefer-
ence1 isnotfullyunderstood;however,it isfeltthatinthisinstance
differencesin surfaceconditionandmanufacturingtolerancebetieenthe
rotorsmightmasktheeffectof theairfoflsection.

Theeffectofcompressibilityischaracterizedby a progressively
earlierdigressionof therotorperformancecurvefromthecalculated
incompressible-flowcurveas tipWch numberis increased.At thehighest
tipMachnumberof 0.81,thecompressibilitydxagincreaseispresenteven
at zerothrust(about20percentgreaterprofiledragthanfortheincom-
pressiblecase).

Rotorefficiency.-Theefficiencyoftherotor(figureofmerit)as a
functionof tipMachnumberandrotor-blademeanliftcoefficientforthe
smoothrotorbladesis showninfigure3. Themaximwnlw”tipMachnumber
(0.27to O.46)figureofmeritwasabout0.74.As tipMachnumberwas
increased,rotorefficiencydecreasedbecauseof compressibilityprofile-
draglosses.At a tipMachnmber of 0.73,themaximumfigureofmerit
wasreducedto 0.58.
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EffectoftipMachnumberonrotorthrustcoefficient.-Theeffect
ofblade-tipMachnunberonrotorthrustcoefficientisshowninfigure4. e
A calculatedcurvebasedona lift-curveslopeof5.73radians(whichis

—

thevaluecommonlyusedat lowtipMachnumbers)isalsopresented.The
exper~ntalthrustvaluesfora givenbladepitchanglearehigher,in

.

mostcases,thanthoseforthecalculatedcurve;therefore,itis indi-
catedthatthelift-curveslopeisgreaterthan5;73radians.

Leading-edgeroughness.-A comparisonoftheperformanceofrotors
withsmoothandroughleadingedgesandwithapproximatevaluesof Mt
of0.27,0.46,0.57,and0.76isshowninfigure~. Theadditionof
leading-edgeroughnessincreasedthezero-thrustprofiletorquecoeffi-
cientby about50percent.Also,themaximumrotor-bladethrustcoeffi-
cientwithleading-edgeroughnessaddedwasreducedabout23percentat
Mt = 0.27 andabout10percentat Mt = 0.55.

Generally,leading-edgeroughnessdecreasestherotor-blademeanlift
coefficientfordragrise,especiallyat thelowertipMachnumberwhere
thereductionison theorderof20percentcompsredwiththevalue
obtainedwiththesmoothblades.

SynthesizedRotor-BladeSectionCharacteristics

Liftcoefficients.-Variationofsynthesizedsectionliftcoefficients
withangleofattackat variousMachnumbersobtainedfromthesmoothrotor
havinganNACA0015tipairfoilsectionare_pr’esentedinfigure6. The
curveshavebeenextendedbeyondthebladeangleofattackforwhichthere
wereexperimentalrotordata. Theextrapolations,basedonprevious
experience,areshowndashedtoindicatetheirprovisionalnature.The
curvesforMachnumbersof0.1and0.2alsoarebasedonpreviousexperi-
enceandaresynthesizedin.thesamemanneras thoseforthehigherMach
numbers.

A comparisonof thesynthesizeddatawithtwo-dimensionallift-
coefficientdataobtainedfromreference9 iapresentedinfigure7. It
isseenthatinthelowMachnumberrange(Mt= 0.30to0.60)thesynthe-
sizeddatahavehigherlift-curveslopesand_highermaximunsectionlift
coefficientsthanthoseobtainedfromtwo-dimensionalsectiondata. l%e
maximumliftcoefficientrangedfromabout15percentgreaterthanfor
thetwo-dimensionaldataat Mt = 0.30 toabout10percentgreaterat
Mt = 0.60.AboveMt = 0.65 thesynthesizedsectionlift-curveslopewas
somewhatlowerthanforthetwo-dimensionaldata.

Dragcoefficients.-Figure8 presentsthesynthesizedblade-section
drag-coefficientdataasa functionofMachnumberandangleofattack.
Theincrementalincreasein dragcoefficientcausedby operating0.1Mach
numberpastdragdivergence(wheredragdivergenceisdefinedasa point
where &d,o/~ . 0.1)variesfromabout0.038atanglesofattackof 2°
and40toabout0.022at anglesofattackof80and10°.

.

●

.

.

—

1
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* A comparisonofthesynthesizedrotor-bladesectionprofile-drag
coefficientsandthetwo-dimensionaldataobtainedfromreference9 is
presentedinfigure9. !IheMachnumbersfordragdivergenceareabout
thesame(within0.03)forthetwosetsof data.

Ingeneral,thesynthesizedprofile-dragcoefficientsarelargerthan
thoseshownby thetwo-dimensionaldataatMachnumbersbelowtheforce
breakandincreaseata lowerratewithMachnumberabovetheforce
break.Thistrendhasbeennotedbefore(refs.2 and5)andisprobably
causedby thedrag-alleviatingeffectsof thethree-dimensionalflow
aroundthebladetips.

Rotor-BladePitchingMoments

Rotor-bladepitching-mcmentdatawereobtainedfortherotorin the
smoothconditionandwithleading-edgeroughnessadded.

. Smoothblades.-In figure10(a)theeffectof tipMachnumberon
therotor-bladepitchingmomentsispresentedas a plotofmeasured
rotor-bladepitching-momentcoefficientagainstrotorthrustcoefficient

“ forthesmoothconfiguration.Thepitching-momentdatashowthessme
generaltrendsas report&1forprevioustests(refs.1, 2,and4). At
lowtipMachnmbersthereisa sable (nose-down)pitchingnmnentdue
toa rearwardshiftin centerofpressureas theairfoilapproaches
maximumlift. At hightipMachnumbers,a stableshiftis alsoseen,
probablybecauseof therearwardcenter-of-pressureshiftassociated
withcompressibilityeffects.Thepointsfordragdivergencearenoted
by tickson thepitching-momentcurves.me pitchingmomentsshowa
progressivelyincreasednose-downtendencypastdragdivergencebutdo
nothavea definitereversalsuchaswasnotedfroma previous15-percent-
airfoiltest(ref.2).

Leading-edgeroughness.-.Theeffectof leadingedgeroughness
ontherotor-bladepitchingmomentsispresentedinfigure10(b).The
rotorbladeswithleading-edgeroughnesshavepitching-momenttrends
similarto thoseshownforthesmoothblades.At lowtipMachnumbers
theprincipaldifferenceisa reductionof thenose-downmoment,which
indicatesthatthecenterofpressureis slightlyfartherforwardthan
forthesmoothblades.Thissaneeffectwasnotedin theprevioustests
ofa rotorhavingNACA632-01>airfoilsections(ref.2). At thehighest
Machnumbers(0.75and0.78)momentsareslightlynegativecomparedwith
theslightpositivevaluesforthesmoothblades.It shouldbe pointed
outthattheabsolutevaluesof ~ areoflittleimportanceandthat

. themainfactoris theabsenceofabruptchangesinpitching-mcment
slopes.

.
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Rotor-BladeProfile-DragTorque )–

Theprincipaleffectof compressibilityand”stallonrotorper-
fo~anceisan increasein therotorprofile-dr~+torque(refs.l.to4).
Theonsetandrateof growthof rotorprofi-le-drag-torqm-risearepre-
sentedinfigwe 11as a ratioof (CQ,o)measUed“to (cQ,O)ca~c~a&d

againstcalculatedrotor-blade-tipangleofattack.Thedatashowthat
forthelowtipMachnumbers(Mt= 0.27 and ~ . O.~) no increasein
profile-dragtorqueabovethatgivenby thecommonlyuseddragpolaris
obtaineduntilblade-tipanglesofattackofabout9.Ooto9.50are
reached.

Theincreaseinbladeprofiledragisassociatedwiththeflow
separationovertheinboard(0.30Rto 0.50R)sectionsof thebladewhich
havecalculatedsectionanglesofattack1.OOto1.5°higherthanthe
tipangle.High-speedmotionpicturesoftuftpatternshaveverified
theonsetof separatedflowin thisregion.At tipanglesofattackof
1%’to13°,theprofile-drag-torque-ratiocurvesteepens,andat this
pointitwouldbe expectedthatforallpracticalpurposestheentire
bladehasseparatedflow.

.

.

.

At tipMachnumbersgreaterthan0.64theprincipalfactorinfluencing
thepointofdragriseis thetipangleofattack.Ingeneralthecurves.
showthattheprofile-dragtorqueratiowasapproximatelydoubledfor
blade-tipanglesofattack2.’3°to 3.0°beyonddrag

An alternatemethodof showingthe.rotor-blade
ismoreusefulincomparingvariousrotorsisshown
oftheprofile-dragratiosagainstrotor-blademean
thelowtipMachnumbers(0,27and0.37)blademean
0.95and0.92wereobtainedbeforedragdivergence.

divergence.

dragriseandonethat
infigure12 as a plot
liftcoefficient.At
liftcoefficientsof
As tipMachnumber

increases,the
neras thetip

q fordragdivergencedecreasesinmuchthesame~-
anglesfordragdivergencedecrease;

ComparisonofProfile-DragTorqueRatios

A comparisonoftheprofile-dragtorqueratiosof thepresentrotor
withthoseobtainedfromtestsof twootherrotorshaving1~-percent-thick
tipairfoils(NAC!A632-017andNACA23015)isshowninfigure13for
threerepresentativetipMachnumbers.At Mt = 0.30 therotorshating
NACA0015-andNACA23015airfoilshaveaboutthessme ~ (0.9’5)fordrag
rise. The “~ fortherotorhavingtheNACA632-015airfoilisslightly
lowerat thisparticulartipMachnumber.

.
Thisdifferenceisprobablynot

ofmuchsignificancesince,ata slightlyhighervalueof ~ of0.36,
therotorwithanNACA632-015airfoil(ref.2)hasd ~ fordrag .
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divergenceequalto thatof therotorwithm NACA0015airfoil
(~ = 0.96).Themaximum~ valueof therotorshavingNACA0015
andNACA632-015airfoilsisabout10percenthigherthanthatobtained
withtherotorhavingtheNACA2~15 airfoil.

At theintermediatetipMachnumber(0.50)therotorswithNACA0015
andNACA632-015airfoilshavepracticallyidenticalcharacteristics;
whereas,therotorwithanNACA23015airfoilhasa considerablylower
q fordragrise. At thehighesttipMachnunbershown(0.70)the
r&or havingNACA0015tipairfoilsectionsencounteredcompressibility
draglossesat a ~ of 0.36,as comparedwith0.33ad 0.50forrotors
havingNACA23015andNACA632-015airfoilsections,respectively.It
thenappearsthatifrotorbladesof 15-percent-thickairfoilsections
arerequiredforstructuralreasons,a considerabledelayintheonset
ofcompressibilitydragrisecanbe obtainedby usingNACA632-015
airfoilsectionswithrelativelyinsignificantpenaltyin lowtipMach
numberstallcharacteristics.

ComparisonofExperimentalandTwo-Dimensional

Drag-DivergenceCharacteristics

Two-dimensionalairfoil-sectiondataareoftenreferredtmforan
indicationof thetipMachnumberandangleofattackatwhichrotor
compressibilitylossesoccur.A comparisonof therotor-bladedrag-
divergencetipMachnwnberwithtwo-dimensionalsectiondata(ref.9)
isshowninfigurelk. TWOmethodsof obtainingtwo-dimensionaldrag-
divergencecurvesareshown: (1)thepointatwhich ~d,o/~= 0.1,
and(2)thepointatwhichthedragcoefficientfirstbeginsto increase.
Thesecondmethodismoreconsistentwiththemannerinwhichtherotor
drag-divergenceMachnumberis defined.Therotorexperimental*ta
points,denotedby symbols,wereobtainedfromfigure11andrepresent
thepointswhereeachof thecurvesdetiatedfromunity.

Theresultsaresimilar.tothoseobtainedinprevioustests(refs.3
and5)andindicatethatat lowtipanglesofattacktherotorcanoperate
athighertipMachnmnbersbeforedragdivergencethanthetwo-dimensional
dataindicate.Thisincreasein tipMachnumberfordragdivergenceis
attributedto thedrag-alleviatingeffectsof three-dimensionalflowover
andaroundthebladetip.

At thelowtipMachnumberstherotordragriseoccursat a lower
tipangleofattackthanindicatedby thetwo-dimensionaldata.As pre-
viouslyshown(fig.11),thisdragriseshouldbe associatedwiththe
inboardsectionanglesofattackwhereseparatedflowfirstoccurs.These

. inboardsectionanglesofattackforseparatedfloware10.50to 11O.
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SUMMARYOFRESULTS

ThelowtipMachnumberblademaximummeanliftcoefficientsand
hightipMachnumbercompressibilityeffectsona rotorhavingan
NACA0015.tipairfoilsectionand5.5°ofnegativetwist(tippitch
lowerthanrootpitch)havebeendeterminedovera tipMachnumberrange
from0.27to0.81. Synthesizedsectionprofile-dragandliftcharacter-
isticsderivedfromthemeasuredhoveringperformanceofa rotorhaving
anNACA001~tipairfoilsectionarepresentedandcomparedwithequiva-
lenttwo-dimensionaldata. Theresultsofthisinvestigationareas
follows:

—

1.At thelowtipMachnumberof 0.30therotor-blademaximummean
liftcoefficientof therotorhavinganNACA0015tipairfoilsection
was1.17,as comparedwith1.13and1.07obt@nedwithrotorshaving
NACA632-015andNACA23015airfoilsections,respectively.

2.At a tipMachnumberof0.70therotorhavinganNACA0015tip .
airfoilsectionencounteredcompressibilitydraglossesata rotor-blade
meanliftcoefficientof 0.36,as comparedwi_thO*5Oand0.33forrotors
havingNACA632-015.andNACA23015airfoils,respectively.

—.

3. Thecomparisonof synthesizedsectioncharacteristicswithtwo-
dimensionaldataobtainedpreviouslyindicatedthatthesynthesized
maximumsectionliftcoefficientswerehigherthanthoseforthetwo-
dimensionaldataby about15percentat.atipMachnumberof0.30to
about10percentata tipMachnunberof 0.60,

—
andathighMachnumbers

therateofdragrisepastdragdivergencewaslessthanthatshownby
two-dimensionaldata.

4. T’&pitchingmomentsshoweda progressivelyincreasednose-down
tendencypasttiag_._divergencebutdidnothavea reversalaswasnoted
froma previoustestof a 15-percent-thickairfoil(NACATN 3850).

5. Thedrag-divergencepointof therota wasdelayedtohighertip
Machnumbersthanthatindicatedby two-dimensionaldata.

6. Therotorefficiency,expressedas thefigureofmerit,decreased
withan increaseintipMachnumber.At tipMachnumbersfrom0.27’to
0.46themaximumfigureofmeritwas0.74.At a tipMachnmnberof 0.73,
themaximumfigureofmeritwasreducedto 0.58.

LangleyAeronauticalLaboratory,
NationalAdvisoryComnitteeforAeronautics,

LangleyField,Vs.,Jtiy7, 1958.
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